The reaction of mixed valence state cytochrome oxidase (CUA24a3",. CuB+a324) With 02 at 173 K has been investigated in purified potato mitochondria by low temperature flash photolysis and rad wavelength scanning optical spectrometry in the visible region. The kinetics of the reaction have been analyzed simultaneously at six wavelength pairs (586-630, 590-630, 594-630, 604-630, 607-630, and (4, 5, 7-10, 12-17, 22-25). Kinetic studies of the reaction of mixed valence state Cyt oxidase with 02 in beef heart mitochondria (7, 8) or in the isolated form (10) revealed two intermediates of A and C type noted compound A2 and compound C or C2 (7, 8, 10 Recently, Denis (22) and Clore (12) resolved in time and wavelength two C-type species in beef heart mitochondria, C606 (IIM) and C610 (IIM) and discussed their involvement in the above model.
tion, the four equivalent reductions of molecular 02 to water, in the respiratory electron transport chain of all higher organisms. The minimum functioning unit ofCyt oxidase is thought to consist of two A type haems, Cyt a and a3, differing only in the nature of their axial ligands, and two copper atoms, CUA and CUB (34) .
Much interest has centered on the reactions of both fully reduced (CUA+ a2+ . CUB+ a32+) and mixed valence state (CUA2+ a3+.
CuB+ a32+) Cyt oxidase with 02 at sub-zero temperatures (4, 5, 7-10, 12-17, 22-25) . Kinetic studies of the reaction of mixed valence state Cyt oxidase with 02 in beef heart mitochondria (7, 8) or in the isolated form (10) revealed two intermediates of A and C type noted compound A2 and compound C or C2 (7, 8, 10) . Numerical analysis of the kinetics followed optically at low temperature according to the method of Chance et al. (3, 4) with a multichannel spectrometer (6) Recently, Denis (22) and Clore (12) resolved in time and wavelength two C-type species in beef heart mitochondria, C606 (IIM) and C610 (IIM) and discussed their involvement in the above model.
In the present paper we have investigated the reaction of mixed valence state Cyt oxidase with 02 in purified potato mitochondria by low temperature flash photolysis and rapid scan spectrometry (11, 20, 26) in order to compare and contrast the spectral and kinetic properties of the potato and beef heart mitochondrial systems.
MATERIALS AND METHODS
Biochemical Methods. Potato mitochondria, freshly prepared by the method of Ducet et al. (28) , were suspended at 293 K in a medium containing 20 mm sodium phosphate buffer (pH 7.4) and 7 mm succinate. Mitochondria were purified by centrifugation on a discontinuous density gradient of saccharose and left for 10 mi (i.e. until all the 02 in the preparation was exhausted). The preparation was then cooled down to 273 K and saturated with CO. Ethylene glycol was added (final concentration 30%1o v/v) and the preparation resaturated with CO in order to ensure full anaerobiosis and CO saturation. The preparation was then stored in an air-tight syringe at 253 K until further use when it was transferred into 2 mm optical path length cuvettes previously deaerated with CO for optical studies. The mixed valence state Cyt oxidase-CO complex in which Cyt a and CUA are in the ferric and cupric states respectively, and Cyt a3 and CUB in the ferrous and cuprous states, respectively, was prepared by adding potassium ferricyanide (final concentration 5 mM) at 253 K in the dark by the addition of 02 saturated 30%o v/ v ethylene glycol (containing 2 mM 02 when saturated at 253 K (3, 10) . The sample was then transferred to a cooling system consisting of an ethanol bath temperature regulating system (Neslab Instruments) at 193 K, and the suspension stirred vigorously in the dark until the viscosity increased and freezing occurred.
This procedure prevents ligand exchange between 02 and the COinhibited system (4, 7, 8) . The cuvette was then transferred to the Dewar flask of the spectrometer through which thermoregulated N2 (Air Liquide, Philips) of the desired temperature flowed. A copper constantan thermocouple was used for temperature mea- 3Species IM is also known as compound A2 and species IIM and IIIm both belong to thc class C group of compounds (see (Intertechnique) to magnetic tape for further analysis.
After CO flash photolysis up to 900 averaged spectra were stored on magnetic tape according to the procedure outlined above.
Data Analysis. Only 200 points per spectrum (513.5 to 631.4 nm) were kept for the treatment of the data on magnetic tape and their analysis in order to facilitate data handling. Difference spectra were obtained relative to the first spectrum stored after CO flash photolysis which corresponded to unliganded mixed valence state cytochrome oxidase. All difference spectra were computed using 630 nm as the reference wavelength (i.e. a digital dual wavelength technique was employed).
Six wavelength pairs (586-630, 590-630, 594-630, 604-630, 607-630 and 610-630 nm) were selected for kinetic analysis. The methods of kinetic analysis, numerical integration and nonlinear optimization were as described previously (13, 14) .
For the treatment of the data and the display of both spectra and kinetic curves we used respectively a CII 10 070 computer and a Benson 122 plotter at the Centre de Calcul du Pharo de l'Universite d'Aix-Marseille II. Kinetic analysis were carried out at the University College London Computer Centre.
RESULTS
Time Resolved Optical Difference Spectra. Figure 2 shows the CO compound difference spectrum (a32+ CO CUB' minus a32+ CUB') corresponding to the difference between the spectra recorded, respectively, before and after the flash. The extent of the peak (587 nm) to trough (602 nm) A deviation indicates the good quality of the preparation of the oxygenated sample (minimum CO bound loss) and of the photodissociation itself. Figure 4 , together with the best fit computed curves (continuous line) for a two species model stated as:
where EM is unliganded mixed valence state Cyt oxidase. This model was fitted simultaneously to the six experimental progress curves using the equation:
AAi(t) = ai(l).Fl (t).Si (3) where AAi (t) is the absorbance change at the ith wavelength pair at time t, F1(t), the concentration of the lth species at time t obtained by numerical integration of the differential equations derived for the kinetic scheme given by Equation 2; Si, a scale factor; and as (1) the Table I . The computed time course of species EM, IM, and IIM is shown in Figure 5 .
Pure Difference Spectra of Species IM and IIM-In Figure 6 the computed "pure" (i.e in 100%o concentration) difference spectra of species IM and IIM minus unliganded mixed valence state Cyt oxidase (species EM) are shown. These difference spectra are obtained by the solution of a set of linear simultaneous equations of the form ,Ai (t) = E F1 (t).EEi(l-EM) (5) Figure 2 . DISCUSSION Rapid scan spectrometry has been developed in our laboratory to study highly scattering biological materials like mitochondria, producing small absorbance changes, less than 0.1 A (20, 26, 27 ). To our knowledge, other applications in the biological field are related only to reactions in solution at room temperature and giving rise usually to far larger absorbance changes (18, 19, 30, 32, 35, 36) . Computed pure difference spectra of species IM and IIM minus unliganded membrane bound mixed valence state Cyt oxidase in intact potato mitochondria. The pure difference spectra of the species (i.e. in 100% concentration) are calculated from the difference spectra in Fig. 3 by using Equation 5 as described in the text. The concentration of each species is 5 sim.
the unliganded state memorized after 100%0 CO dissociation at about 153 K. The reaction with 02 is then initiated by raising the temperature to the range 173 to 193 K. This reference provided transient difference spectra easier to interpret and allowed the resolution of two C-type components (24) . A temperature effect of this technique has been described in detail by Denis and Clore (25) . Recently, Clore et al. (16, 17) used a modification of this second method to correlate optical and EPR spectra by memorizing the unliganded state spectrum at 77 K and checking optically the evolution of the reaction after successive warming and cooling cycles between 77 and 173 or 193 K. The repeated cooling/ warming technique suffers from (a) poor time resolution (a minimum 10-20 s interval between the recording of successive spectra) and (b) the possible introduction of spectral distortions inherent in the technique due to changes in the crystallization state of the sample occurring on each warming and cooling cycle.
The rapid scan spectrometry technique employed here combines the requirements for both kinetic studies (single flash at constant temperature and good time resolution, -4 s) and spectral characterization of intermediates (wide spectral range scanned with a good resolution, -0.6 nm per point, and absorbance changes referred to the unliganded state). Furthermore, such a complete set of data with reasonable signal to noise ratios (Figs. 3 and 4) belongs to a single experiment.
A comparison of the kinetic and spectral features of the reaction of mixed valence state Cyt oxidase with 02 in the potato and beef heart mitochondrial systems reveals a number of noteworthy features:
1. Only two species are seen in the reaction in the intact potato mitochondrial system, in contrast with the beef mitochondrial system where two C-type species (Cos6 and C610) have been resolved (22) .
2. The reaction is much slower in the potato mitochondrial system than in the beef heart mitochondrial system at 173 K, the rate constants in the former (Table I) being smaller than the corresponding rate constants in the latter (12, 14) by a factor ranging from 3 to 6. 3. There are small but significant differences between the potato and beef heart mitochondrial systems in the positions of the peaks and troughs of the difference spectra of species IM and the mixed valence state Cyt oxidase-CO complex minus unliganded mixed valence state Cyt oxidase (see Table II ).
4. A comparison of the peak to trough intensities in the a region of the pure difference spectra of species IM and the mixed valence state Cyt oxidase-CO complex minus unliganded mixed valence state Cyt oxidase shows that in the potato mitochondrial system the peak to trough intensities of the species IM and mixed valence state Cyt oxidase-CO complex difference spectra are approximately equal (see Figs. 2 and 6 ), whereas in the beef heart mitochondrial system, the peak to trough intensity of the species IM difference spectrum is approximately double that of the mixed valence state Cyt oxidase-CO complex difference spectrum (Fig.  3 of Ref. 12) . 5 . The difference spectrum of species IM minus unliganded mixed valence state Cyt oxidase looks more complex in the potato mitochondrial system than in the mammalian one due to the presence of a shoulder at 584 nm on the low wavelength side of the 591 nm band (Fig. 3) .
6. The difference spectrum of species IM minus unliganded mixed valence state Cyt oxidase exhibits a split a band in the potato mitochondrial system with a prominent peak at 607 nm and a side peak at 594 nm (Figs. 3 and 6 and Table II) . For this reason, we will refer to this species as IIM (C6) in the discussion which follows. In contrast, in the beef heart mitochondrial system the difference spectrum of species C606 (IIM) exhibits only a single peak in the a region at 606 nm (Table II and Refs. 12, 22) .
These optical particularities of the intermediates compounds in potato mitochondria confirms the previous findings of Denis and Bonner (23) .
As discussed on previous occasions (5, (7) (8) (9) (10) species formed in the reactions of Cyt oxidase with 02 are those belonging to the class C group of compounds (which includes species C60S (JIM) and C610 (HIIM). In Cyt oxidase derived from beef heart mitochondria the class C group of compounds is characterized by an intense absorption band in the 605 to 610 nm region (extinction coefficient .15-20 mm-' cm-' [3, 15] ) and a narrow bandwidth (line width at half-height = 350-550 cm-' [12, 17] ) characteristic ofa charge transfer band. The identity ofspecies IIM has been discussed at great length on the basis of EPR (17) and optical data (5, 7-10, 17, 22) like the 655 mm band (2, 21, 23, 24) and all the available evidence to date point to the configuration CUA2+ a3+ . CUB2+ a3
. 02. In the beef heart mitochondrial system where only a single a band is seen, the intense absorption band centered around 606 rm for species IIM (C606) was attributed to a charge transfer band arising from interaction between Cyt a3 , CUB2+, and 2- (5, 17) . The presence in the potato mitochondrial system of a split a band with peaks at 594 and 607 am in species IIM (CMI) indicates the presence of two electronic events. This suggests that the 594 and 607 nm bands of species IIM (C607) arise from 02-. CUB2+ and 02-a32+ charge transfer transitions differing in energy by -4.3 kJ mol-1. Such an assignment is consistent with the known 022-Cu2+ charge transfer band at 584 am in oxyhaemocyanin (33) and the 02--a32+ charge transfer band around 590 nm in species Im (17) . In species IIM obtained with Cyt oxidase derived from beef heart mitochondria, the energies of the 02--CUB2+ and 02--a32+ charge transfer transitions would be approximately equal because only a single absorption band is seen. This is further supported by the observation that the bandwidth of the 605 to 606 nm band in species IIM (l.w.h.h. = 350-500 cm-', Refs. 12 
